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Photoluminescence study of rapid thermal annealing from nitrogen- 
implanted ln0.32Ga0.68P 
Chyuan-Wei Chen and Meng-Chyi Wu 
Research Institute of Electrical Engineering, National Tsing Hua University, Hsinchu, Taiwan 30043, 
Republic of China 
(Received 18 February 1992; accepted for publication 14 May 1992) 
Photoluminescence studies were performed to evaluate the results of rapid thermal annealing of 
nitrogen-implanted In0.sZGao.6sP layers, which were grown on GaA~e.~tPa,~~ substrates by a 
supercooling liquid-phase-epitaxial method. When the annealing temperature used is between 
600 and 840 “C with 30 s duration, the N isoelectronic trap can be activated with an activation 
energy of 0.48 eV which is necessary to place N atoms into P sites. The 9 K photoluminescence 
spectrum is dominated by the sharp near-band-gap peak Egr and the broad N-related band N, 
The N level is located - 110 meV below the r-band minimum for the Incs,Gae,sP alloy. By 
selecting different annealing temperatures and times, the optimum annealing condition to obtain 
the strongest emission intensity of the band N, is at T= 800 “C and 30 s duration. 
I. INTRODUCTION 
Visible-light-emitting sources have attractive potential 
applications in future optical-information processing sys- 
tems such as high-density optical recording and high-speed 
laser printers. Another attractive application of visible 
sources is the replacement of the widely used helium-neon 
gas lasers in, for instance, bar-code readers and laser point- 
ers. The indium gallium phosphide (In,-,Ga,P) ternary 
compound semiconductor is a potential candidate for 
visible-light-emitting device applications because of its di- 
rect band gap extending up to 2.26 eV (x-0.74) at 300 K 
and because it contains no aluminum.’ It can offer, in prin- 
ciple, an opportunity for fabricating efficient light emitters 
in the red to green region of the visible spectrum.’ The 
alloy In,-,Gap can be grown on commercial 
GaAs0.61P,,r, epitaxial substrates with exact lattice match 
at a composition of 68% GaP and a band gap of about 2.17 
eV (570 nm in wavelength).3Z4 
The interest in nitrogen doping during the epitaxial 
growth of GaP,5S6 GaAst-$,,,7’* and In,-,Ga,P (Refs. 
9-11) alloys has been demonstrated in optoelectronic ap- 
plications and in the fundamental studies of disorder effects 
due to alloying. Because of the particular electronic prop- 
erties of this isoelectronic impurity, nitrogen acts as a very 
efficient luminescent localized center to probe the local en- 
vironment in the alloy.‘2-14 The nitrogen isoelectronic im- 
purity traps an electron because of the electronegativity 
difference between the nitrogen atom and the host phos- 
phorus atom it replaces. Then the trapped electron can 
bind a hole by Coulombic attraction. The resulting bound 
exciton is the source of the significant radiative recombi- 
nation in these materials.15-‘8 As in nitrogen-doped 
GaAs, -,,PY alloys, for y > 0.5, the interesting feature of the 
nitrogen doping is the possibility of obtaining greater 
cathodoluminescence and electroluminescence efficiencies 
than that of nitrogen-doped GaP.5’6 As already remarked,’ 
this behavior depends upon a suitable crystal band struc- 
ture, e.g., a light-mass direct (I’) band and a heavy-mass 
indirect (X) band with which the N trap is associated. The 
closer in energy E,(r) lies to E,(X), the stronger is the 
recombination transition involving the N isoelectronic trap 
due to an increase of the radiative recombination probabil- 
ity. This is a result of the fact that the wave function of the 
electron trapped by a short-range potential induced by ni- 
trogen is widely spread in k space and that its modulus at 
k=O becomes larger when the I? conduction-band mini- 
mum comes closer to the X minimum near x=0.74. lo Con- 
sequently, when the indium content increases in the 
In*-,Ga,P alloys, the radiative lifetime decreases and the 
optical-absorption cross section increases, l9 and thus it will 
enhance the N-related recombination. 
There are two methods to dope N impurities into 
Int-,Ga,P grown by liquid-phase epitaxy (LPE). One is 
the addition of N compounds such as GaN into the growth 
melts16~‘7*‘9 and the other is the addition of NH, gas to the 
H2 flow gas.““4p20 These methods, however, do not have 
the ability to control the N concentration accurately. Ion 
implantation is a highly controlled technique to achieve the 
precise doping concentration and depth profile. However, 
it will produce a large number of defects which are effective 
centers for nonradiative recombination of photoexcited 
carriers; neither low-temperature nor room-temperature 
luminescence can be detected after implantation. Only af- 
ter thorough annealing can the band edge or impurity lu- 
minescence be detected. Fujimoto et aL2’ have reported the 
results of photoluminescence (PL) measurements of N- 
implanted Ino.30Gas70P crystals as functions of annealing 
temperatures and times in conventional oven annealing un- 
der H, flow. 
In this paper, we present the results of a more detailed 
study of N-implanted Inc32Gaa&sP layers by rapid thermal 
annealing (RTA) at various temperatures and times. By 
comparison with the PL spectra of nonintentionally doped 
alloys, we clearly observe excitonic luminescence lines due 
to the presence of nitrogen in the Ino.3,Gae6sP samples. 
1769 J. Appl. Phys. 72 (5), 1 September 1992 0021-8979/92/l 71769-05$04.00 @ 1992 American Institute of Physics 1769 
Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
II. EXPERIMENT 
Inl-,Ga,P epitaxial layers were grown by the LPE 
method in a conventional horizontal sliding boat. The sub- 
strates were GaAso.61Po,39 commercial epitaxial wafers 
grown by vapor-phase epitaxy on a Si-doped (lOO)- 
oriented GaAs substrate 2” off toward (1 lo), with a 30- 
pm-thick GaAsP graded composition layer between the 
GaAs and GaASo,61Po,39 layers to avoid a large lattice mis- 
match. The GaAS0,61P0.39 constant-composition surface 
layer is 40 pm thick and n doped to 7 x lOI cm-’ with Te. 
The characteristic cross-hatched pattern on the epitaxial 
substrate surface was inherited from the original misfit dis- 
locations introduced during the graded layer growth of 
GaAsP on the GaAs substrate.Z’23 All the In solvents used 
in the growth were first prebaked for 10 h or more at 
900 “C! under a purified hydrogen ambient to reduce the 
background concentration and to obtain high photolumi- 
nescent efficiency in the InGaP layers. After the baking 
process, appropriate polycrystalline solutes of InP and 
GaP were added to the prebaked 3 g In melt to form an 
I&,~~sG~.o,3,jP0.02s4 growth Solution with a liquidus tem- 
perature of - 8 10 0C?,24T25 It was soaked at 830 “C for 1 h 
to dissolve charges and homogenize the melt completely. 
The substrate was placed upstream of the melt in a stream 
of H2 and protected from the decomposition of arsenic and 
phosphorous during the saturation period by covering with 
another substrate to protect it from heat damage or pollu- 
tion. The epitaxial layers were grown by means of super- 
cooling technique with - 10 “C supersaturation, which is 
the best growth condition as determined previously.4 The 
thickness of InGaP epitaxial layers grown during a fixed 
growth period of 5 min was typically 4 ,um. 
The samples were implanted with nitrogen ions at 
room temperature with acceleration energies of 30, 60, and 
120 keV, with a typical flux of 1 x lOI cmv2. In order to 
avoid channeling, the samples were oriented with the [ 1001 
axis at an angle 7” to the ion-beam direction. The purity of 
the 14N beam was monitored before and after implantation 
by checking the mass 14 beam intensity. Calculation pre- 
dicts that the N concentration is 1 X 1018 cmM3 and uni- 
formly distributed between 0.05 and 0.4 pm from the sur- 
face. Postimplantation annealing was accomplished in the 
HEATPULSE system with tungsten halogen lamps of 
A.G. Associates under flowing N2 gas. The annealing tem- 
perature and time profiles were measured using a thermo- 
couple cemented onto the annealed sample. Different an- 
nealing cycles of 10-50 s duration and peak temperatures 
of 600-900 “C! were chosen using the computer-controlled 
rapid thermal system. Both the quality of the annealed 
sample and the detailed luminescence spectra were depen- 
dent on the annealing time and temperature. Photolumi- 
nescence measurements were carried out to characterize 
the N-implanted InGaP samples. The undoped N-free 
Ino,32G~.6sP samples were used to make comparative stud- 
ies. Details of growth conditions and characterization tech- 
niques are described elsewhere.4,26J27 
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FIG. 1. Annealing temperature dependence of 9 K photoluminescence 
spectra excited by a power density of 0.5 W/cm* for N-implanted 
Ino.d%68P. 
Ill. RESULTS AND DISCUSSION 
For all the N-free and N-implanted InGaP samples, 
the surface morphology is very shiny and flat but still with 
the cross-hatched-pattern surface inherited from the orig- 
inal G~As~,~~P~.~~ substrate surface. The interface between 
epitaxial layer and GaAso.61Po.39 substrate is also flat and 
free from inclusions. Lattice mismatch, determined by 
(400) symmetric planes of double-crystal x-ray-diffraction 
measurements, between the InGaP epitaxial layer and 
GaAsP substrate normal to the wafer surface, is controlled 
to be within +0.15%-+0.20% which will result in the 
best layer quality.4 The solid composition of In,-,Ga,P 
epitaxial layer is x=0.68 measured by an energy-dispersive 
x-ray spectrometer (EDS) and calibrated through ZAF 
(atomic number, absorption, and fluorescence) correction. 
This composition corresponds to a wavelength of 5730 A 
(2.1637 eV> at room temperature.4 The undoped (n type) 
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FIG. 2. An Arrhenius plot for the emission intensity of N isoelectronic 
traps in the N-implanted Ix+,~~G%,~~P alloys as a  function of anneal ing 
temperature. The calculated activation energy is 0.48 eV. 
Ines2Gae6sP sample with a background concentration of 
1 X lOi cmA3 is used as a reference. 
Figure 1 shows the dependence of 9 K photolumines- 
cence spectra excited by a power density of 0.5 W /cm2 on 
the annealing temperature for the N-implanted 
In,.,,Gac6,P samples. These spectra are normalized to the 
same main peak intensity. Most samples exhibit two stron- 
ger peaks denoted E,, and N, and two weaker peaks de- 
noted as E& and D-A. Both the weaker peaks EL, and D-A, 
located at 6300 A (1.968 eV) and 6440 A (1.925 eV), 
respectively, are related to the radiative emission via near- 
band-gap transition and the donor-acceptor pair of the Te- 
doped GaAso.6iP0.,g substrate surface layer7*8~28 and will 
not be further discussed in this paper. Peak Egr has the 
narrowest full width at half-maximum (FWHM) of 7.5 
meV and the highest photon energy of 5500 A (2.254 eV) 
which is the same as that observed in the undoped sample 
as shown in Fig. 1 (a). In addition, the relative PL intensity 
of peak Egr increases with increasing excitation level and 
temperature, thus we can interpret peak Egr as the near 
band-to-band (B-B) recombination. The fact that the po- 
sition of peak Egr holds constant for all the spectra indi- 
cates the composition of all the InGaP epitaxial layers is 
held constant and uniform. The broad band N,, which 
occurs - 110 meV below the Egr peak, is not observed in 
N-free 1&,32Gae6sP and appears when the annealing tem- 
perature is $ the range of 600-850 “C. The energy position 
(near 5780 A or 2.141 eV) and FWHM value (around 125 
meV) of the N, emission should be associated with the N 
isoelectronic impurity. The N, band lies - 110 meV below 
the r-band minimum in the In0,32Gac68P alloy which 
agrees with those of 103 meV at 2 K reported by Fujimoto 
i= 
---I’ 
I I 1  I I 
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FIG. 3. Low-temperature photoluminescence spectra of N-implanted 
In,,,,G%,6sP annealed at T=8OO’C during (a) 50, (b) 30, and  (c) 10  s. 
et aLzl and- 180 meV at 77 K reported by Nelson and 
Holonyak. 18.20,29 
Figure 2 shows an Arrhenius plot for the emission 
intensity of the N, band, which is shown in Fig. 1, as a 
function of annealing temperature. When the annealing 
temperature is below 600 “C, there is no emission at all, 
even for the Egr peak. This suggests that the majority of N 
atoms is nonsubstitutional due to incomplete reordering on 
the implanted surface layer which may become an amor- 
phous structure.” The relative intensity of band N, in- 
creases with increasing annealing temperature, or it lin- 
early decreases with the reciprocal of annealing 
temperature. The fact that the maximum intensity occurs 
at an annealing temperature of 800 “C indicates that good 
crystal quality can be obtained at this annealing tempera- 
ture. At higher annealing temperatures, such as 820 and 
840 “C!, the 9 K PL emission intensity of the samples rap- 
idly decreases and it becomes too weak to be detected when 
the annealing temperature is beyond 900°C. It suggests 
that the InGaP crystal partially decomposes due to a high 
vapor pressure of the constituent P atoms at higher anneal- 
1771 J. Appl. Phys., Vol. 72, No. 5, 1 September 1992 C.-W. Chen and M.-C. W u  1771 
Downloaded 16 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
N-IMPLANTED In,&o,,P 
N : I x10’8cm-3 
l50K 
9K I , I 
4900 5500 6100 6700 7300 
WAVELENGTH ( ii 1 
FIG. 4. Photoluminescence spectra of N-implanted Incs2Gae6sP crystal, 
which was annealed at 800 “C! for 30 s with a nitrogen concentration of 
1 x 10’” cmw3, at various temperatures between 9 and 150 K to show the 
gradual evolutions of the peaks. The excitation power density is 1 W/cm’. 
ing temperatures. In practice the surface is highly damaged 
after the annealing at 840 “C. In addition, the activation 
energy necessary to place the N atom into the P site can be 
calculated from Fig. 2 as 0.48 eV. This value is very close 
to 0.50 and 0.59 eV obtained by Anderson, Wolford, and 
Streetman3’ for N-implanted GaAs0.63P0.37 and Fujimoto 
et aLzl for N-implanted Ine3cGae7e P, respectively. 
After obtaining the results of Figs. 1 and 2, we further 
investigate the optimum annealing time at 800 “C. The 
transformation of the low-temperature PL spectra excited 
by a power -density of 0.5 W/cm2 for the N-implanted 
InGaP with increasing annealing time at 800 “C is illus- 
trated in Fig. 3. As the annealing time increases from 10 to 
30 s, the intensity of band N, increases, showing significant 
improvement of the reordering quality and the elimination 
of defects. However, it falls rapidly with further increasing 
annealing time. We also studied the effect of the. annealing 
times 20 and 40 s at 800 “C on the N,-band intensity (not 
shown in Fig. 3), but the intensity of the N, band is still 
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PIG. 5. Variation of the PL intensities and photon energies of the peak 
,!&- and the N, band as a function of measured temperature from N- 
implanted Inc,,,Gac6sP crystals annealed at 800 “C for 30 s. 
weaker than that obtained at the 30 s annealing time. Thus 
we can conclude that the optimum annealing condition 
with RTA technique for the N-implanted Ino.,,Gac6,P is 
at T=8OO"C for 30 s. 
Figure 4 presents the temperature dependence (T-9- 
150 K) of PL emission spectra measured with the excita- 
tion density of 1 W/cm2 from the N-implanted 
Inc&,Gac&sP sample annealed at 800 “C! for 30 s. All the PL 
curves are also normalized to the same PL peak intensity. 
The 9 K PL spectrum is dominated by the sharp peak Egr 
and the broad N, band. The relative intensity of peak Egr 
with respect to the N, band decreases when the tempera- 
ture is raised from 9 to 50 K. At 50 K, the N, band 
becomes dominant and peak Egr becomes weaker at the 
high-energy side. An increase in the temperature above 50 
K gives rise to an increase of the intensity of peak Egr with 
respect to the N, band. Above 150 K, the N, band almost 
disappears and the spectrum is dominated by the near 
band-to-band emission of peak Eg,. We also observe that 
the intensity of band N, decreases and the N,-band maxi- 
mum shifts toward longer wavelengths with increasing the 
temperature from 9 to 150 K. In addition, the N,-band 
maximum shifts to higher energies and the FWHM of the 
N, band decreases with an increasing excitation level. Thus 
the behavior of the N, band is similar to the feature of 
donor-acceptor pair emission. 
Figure 5 summarizes the variation of the PL intensities 
and photon energies of the peak Egr and the N, band as a 
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function. of temperature from the N-implanted 
Ines2Gae6sP sample annealed at 8OO<“C for 30 s. Detailed 
analysis of the peak Egr is given in Refs. 4 and 26. 
IV. CONCLUSIONS 
Nitrogen-implanted Incs2Gae6sP crystals, which were 
grown on GaAs0.6,P0.,, substrates by liquid-phase epitaxy 
using a supercooling method, with a N concentration of 
1 x lOI crne3 have been investigated. Rapid thermal an- 
nealing at temperatures from 600 to 840 “C for different 
times was used to heat the damaged layer and to activate 
the N isoelectronic trap. The isoelectronic trap is found to 
be formed at the annealing temperature over 600 “C. The 
activation energy necessary to place N atoms into P sites is 
0.48 eV. The maximum isoelectronic trap emission inten- 
sity occurs at this optimum annealing condition of 800 “C 
for 30 s. The nitrogen-related band lies - 110 meV below 
the r-band minimum in the In0.,,Gae6sP alloy from the 
PL measurements. 
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